The green fluorescent protein (GFP) of Aequorea victoria is emerging as a unique tool for monitoring complex phenomena such as gene expression and organelle structure and dynamics in living cells. The recent description of GFP mutants with modified spectral properties opens numerous new applications in cell biology. However, the expression and the characteristics of these GFP mutants in living eukaryotic cells have not been verified yet.
Introduction
The green fluorescent protein (GFP) of Aequorea victoria has attracted great interest following the demonstration by Chalfie and coworkers [1] that its simple recombinant expression yields a strongly fluorescent signal in heterologous cell types, without the need of additional factors. More recently, it was observed that GFP can be fused to resident proteins [2] or to specific targeting signals [3] , with no alteration in its fluorescence properties. GFP has therefore emerged as a unique tool in cell biology, allowing complex phenomena -such as the regulation of gene expression, the distribution and dynamics of intracellular organelles, or the sorting of proteins -to be visualized in intact cells [3] or even in transgenic organisms [2, [4] [5] [6] .
The possible applications of this technique would be expanded by the availability of fluorescent proteins with different spectral properties. Recently, two classes of GFP mutants with modified fluorescence spectra have been isolated: mutants that increase the extinction coefficient of the protein, thereby allowing a stronger emission of fluorescence [7] ; and mutants that shift the excitation and/or emission spectra, thus changing the 'colour' properties of the protein [8] . Here, we have used two GFP mutants, a 'bright' variant with the serine at position 65 mutated to threonine (S65T), and a blue-shifted variant (Y66H/Y145F). By constructing suitable chimeras, we have simultaneously labelled different subcellular structures in intact living cells. The successful expression of the mutants in live eukaryotic cells suggests that GFP and its derivatives can be used in 'double labelling' or fluorescence resonance energy transfer (FRET) experiments, and will represent powerful tools for the direct monitoring of a number of physiological events.
Results

The construction of new GFP chimeras
A 'nuclear' GFP chimera was constructed using the targeting information of the glucocorticoid receptor (GR), which is translocated to the nucleus upon interaction with ligand (glucocorticoid hormones). This translocation is mediated by a typical nuclear-localization signal that is exposed only upon binding of the hormone to a contiguous portion of the receptor. A truncated GR variant (amino acids 407-794) has been shown to share the same sorting fate of the entire polypeptide, and has been used, in suitable chimeras, to selectively target heterologous polypeptides to the nucleus [9] [10] [11] . We therefore constructed a chimeric cDNA encoding a polypeptide (nuGFP) composed of amino acids 407-794 of GR at the amino terminus, and HA1-tagged GFP at the carboxyl terminus (see Fig. 1 ).
In order to construct a 'bright' chimeric GFP, we used the S65T mutant, recently reported by Heim and coworkers [7] , which is endowed with attractive properties. Compared with the wild-type protein, this mutant presents a single, narrow excitation peak at 490 nm, while the major peak in the UV range is lost. The use of exciting light in the visible range is suitable for the standard FITC settings of fluorescence and confocal microscopes, and avoids two major problems encountered with UV excitation -rapid photoisomerization (which drastically reduces the excitation amplitude at 395 nm) and high background signal [12] . The emission peak of S65T is about six-fold higher than that for an equal quantity of wild-type GFP when both are excited at their visible wavelength excitation maxima. This improvement is due mainly to the much greater extinction coefficient for S65T, 39 200 M -1 cm -1 compared with 7 150 M -1 cm -1 for wild-type GFP in the visible range [7] . Moreover, the post-translational oxidation step of fluorophore formation, as measured in anaerobically grown Escherichia coli upon re-exposure to air, was reported to be approximately fourfold faster with S65T than with wild-type GFP [7] . Therefore, despite the fact that the quantum yield of the S65T mutant is slightly lower than that of wild-type GFP (0.66 compared with 0.77), the former can indeed be regarded as a 'bright' variant of GFP. A cDNA encoding the S65T mutant was substituted for the cDNA encoding wild-type GFP in the constructs encoding the mtGFP and nuGFP chimeras; the resultant 'bright' organelletargeted GFPs were designated mtGFP(S65T) and nuGFP(S65T), respectively.
Heim and Tsien have recently reported the isolation of mutant GFPs with shifted excitation and emission spectra [8] . In particular, the Y66H mutant, when excited in the UV (excitation peak at ~380 nm), emits blue light (peak at 450 nm); more recently, a double mutant was isolated (Y66H/Y145F) with the same excitation and emission spectra of Y66H, but with a higher quantum efficiency of fluorescence in vitro ( [13] , this issue). Using the strategy developed for mtGFP [3] , the cDNA encoding Y66H/Y145F was fused with a portion of the cDNA of cytochrome c oxidase subunit VIII that encodes the mitochondrial targeting 'presequence' and six amino acids of the mature protein [14] . The resulting mitochondrially targeted blue-shifted GFP was designated mtGFP-(Y66H/Y145F) (see Fig. 1 ).
The expression of the new GFP chimeras
The chimeric cDNAs were subcloned into the expression vector pcDNAI, and HeLa cells were transiently transfected with the various constructs. Figure 2a shows the fluorescent image of a HeLa cell transiently expressing nuGFP. 24 hours after transfection with the nuGFP expression plasmid, the medium was supplemented with 10 M dexamethasone to assist the full translocation of the chimera to the nucleus. The coverslip with the cells was observed 36 hours after transfection, and the protein appeared localized to the nucleus, although the overall signal was weak. Figure 2b shows an image obtained, under the same experimental conditions, with the nuGFP(S65T) chimera. The fluorescent signal appeared markedly increased -the specific nuclear staining was evident, as well as the exclusion of the recombinant protein from the nucleoli.
The intrinsic increase in brightness with S65T can be measured only by comparing the properties of known quantities of purified proteins [7, 13] . However, confocal microscopy of transfected HeLa cells showed that the fluorescence signal of typical positive cells was three-to five-fold higher, on average, with nuGFP(S65T) than with nuGFP; this increase was approximately that predicted from the properties of S65T and wild-type GFP in vitro. The former, when illuminated in the UV range, produced a blue fluorescence, with a typical mitochondrial pattern that was similar to that reported previously for mtGFP [3] . Upon continuous illumination, the signal faded away much more rapidly than with GFP. This effect was counteracted, in part, by the addition of a cell-permeable anti-oxidant (the vitamin E analog Trolox). The expression pattern of mtGFP(S65T) was also mitochondrial, but, in contrast to nuGFP(S65T), an increase in brightness with respect to mtGFP was not obvious by eye. This is most likely due to the fact that, because of the accumulation of mitochondrially-targeted GFPs in a restricted space (~5 % of the cell volume) and their high level of expression, the signal of mtGFP is already quite strong. However, when mtGFP is expressed at lower levels, such as in zebrafish embryos, the number of transgenic organisms and the brightness of the positive cells are much higher with the chimera containing the S65T mutant than with that containing the wild-type protein (F. Argenton, unpublished observations).
The co-expression of green and blue chimeras: double labellings in vivo
In order to label subcellular structures with green and blue GFPs in vivo, we used chimeras including wild-type GFP and GFP(Y66H/Y145F). Both these fluorescent proteins can be excited in the UV range, emitting green and blue light, respectively. In the first example of this application, we differentially labelled the nucleus and the mitochondria by co-expressing nuGFP and mtGFP(Y66H,Y145F) in a monolayer of HeLa cells. Figure 3 shows the fluorescence image of a coverslip of transfected cells illuminated with UV light. Both chimeras appeared correctly sorted and showed a comparable intensity of fluorescence; the different emission wavelength allowed a clear resolution of the two labelled structures.
Research In the second example, we used the two mitochondrial constructs, mtGFP and mtGFP(Y66H/Y145F): when cotransfected, both proteins are expressed, and the fluorescence of mitochondria shows an 'aquamarine' colour, intermediate between that of GFP and GFP(Y66H/Y145F) (Fig.  4a) . When two batches of cells were transfected each with a different mitochondrial construct, and mixed after transfection, cells showed the original fluorescence of mtGFP or mtGFP(Y66H/Y145F) (Fig. 4b) ; upon treatment with polyethylene glycol (Fig. 4c) , cell fusion could be monitored, as well as intermixing of the two mitochondrial populations.
Discussion and conclusions
The morphological analysis of living cells requires suitable probes to label the various cell components and imaging systems with high resolution. The recent development of confocal microscopes has significantly improved the detection technology. A large interest has therefore focused on the development of probes with defined intracellular localization. Although antibodies can specifically label the various cellular components, they can be used only in fixed, permeabilized cells; most vital stains, which are usually small organic molecules, show a poorer subcellular specificity, and the resolution of the images is often complex.
The cloning of a strongly fluorescent protein, GFP of Aequorea victoria, has attracted a vast interest (for a review, see [12] ). A few applications were rapidly envisaged. Chalfie and coworkers [1] , in their first report on the use of recombinant GFP, showed that GFP may act as a reporter of gene expression in heterologous systems as diverse as E. coli and C. elegans cells. Wang and Hazelrigg [2] have fused GFP to the exu protein of Drosophila, and have used the chimeric polypeptide to monitor, in transgenic animals, the expression and intracellular sorting of exu during development. We have shown previously that GFP can also be expressed at high levels in mammalian cells and can be selectively targeted to mitochondria, acting as a specific probe of the dynamics of these organelles in living cells [3] .
An even wider range of applications would stem from the simultaneous labelling of different intracellular structures. GFP mutants with modified fluorescence spectra appear ideally suited for this purpose, as they can be easily distinguished from wild-type GFP and thus, at least in principle, can be used in co-transfection experiments. However, no successful expression of the blue mutants or detailed comparison of the properties of the different GFP mutants in eukaryotic cells has been published previously. In this contribution, we have used these mutants in the construction of specific chimeras designed to visualize intracellular organelles. A 'nuclear' GFP was developed by fusing the cDNA encoding the fluorescent protein to that of the glucocorticoid receptor. The chimera including wild-type GFP appeared correctly sorted, but the fluorescence signal was low. A second chimera, which included the 'bright' GFP mutant (S65T), was also exclusively localized to the nucleus, but was endowed with much stronger fluorescence. In transfected mammalian cells, the S65T mutant shows the high levels of fluorescence reported in vitro [7] , and thus may represent the method of choice for studying compartments (or promoters) that do not allow high levels of expression.
The Y66H/Y145F mutant [13] appears ideally suited for double-labelling experiments with wild-type GFP. Indeed, while the excitation spectra of the two proteins partially overlap (both proteins can be excited in the UV range), their emission is widely separated, allowing each to be identified. A 'blue' mitochondrial chimera was In (b,c) , two independent transfections were carried out, in different batches of cells, one with mtGFP and the other with mtGFP(Y66H,Y145F). The two transfected populations were then re-plated on the same coverslip. In (b) the fluorescence image 1 h after re-plating is shown. 12 h after re-plating, the cells were incubated with 50 % polyethylene glycol (in PBS supplemented with 10 % DMSO) for 1 min; after two washes in DMEM, supplemented with 10 % DMSO, the cells were allowed to rest for 3-4 h in complete growth medium (DMEM supplemented with 10 % fetal calf serum). The coverslip was then transferred to the chamber, and the fluorescence image at this stage is shown in (c). In all pictures, the cells were illuminated with UV light, and analyzed as in Figure 2 . Scale bar, 10 m.
constructed and used, with wild-type (green) nuGFP or mtGFP, to label simultaneously the mitochondria and nucleus of a living cell, and the mitochondria of different cells. The results obtained show that the blue Y66H/Y145F mutant of GFP can be specifically targeted within the cell, without interfering with its fluorescence properties, and that the intensity of fluorescence of the Y66H/Y145F mutant is similar to that of wild-type GFP. A simple fluorescence microscope equipped with standard filter settings is sufficient to visualize both proteins in living cells; moreover, a different colour is observed when the two proteins are delivered to the same compartment (see Fig. 4a ), offering a simple and inexpensive tool for detecting the colocalization of proteins of interest in vivo.
Finally, the wide separation of the excitation spectra of GFP(Y66H/Y145F) and GFP(S65T), and, more importantly, the overlap of the GFP(Y66H/Y145F) emission spectrum with that of GFP(S65T) excitation allows, in principle, the detection of energy transfer between the two proteins, thus opening a number of exciting new applications. Indeed, the companion paper by Heim and Tsien [13] shows that FRET can be detected in vitro when the two protein are fused together. By co-transfecting mtGFP(Y66H/Y145F) and mtGFP(S65T), we have verified that the spectra of the two proteins are also widely separated in vivo, and that their simple co-expression in a restricted space (the mitochondrial matrix), does not lead to FRET (data not shown). The latter phenomenon will therefore occur only when the appropriate distance between the two fluorescent proteins is achieved; FRET between GFP(Y66H/Y145F) and GFP(S65T) appears a very selective phenomenon, therefore, and may represent the method of choice in the future for investigating the interactions between proteins, events which play a major role in a variety of key cellular processes, such as transmembrane signalling, gene activation and membrane trafficking.
Materials and methods
Construction of the GFP chimeras
To construct the nuGFP chimera, the two moieties of the chimeric cDNA (encoding the portion of the glucocorticoid receptor and epitope-tagged GFP, respectively) were cloned in neighbouring restriction sites of pBSK + (Stratagene). Specifically, the XbaI/EcoRI fragment, encoding the TK leader and amino acids 407-794 of the GR, was excised from the plasmid GR 407-794.Z [9] and inserted in the corresponding sites in pBSK + . The cDNA encoding HA1-tagged GFP was excised from mtGFP/pBSK + [3] using the ClaI site located immediately upstream of the HA1 epitope sequence [15] and the SalI site located downstream of the cloned insert in pBSK + . The fusion of the two cDNAs occurred in frame, as verified by DNA sequencing; four additional amino acids (DIKL) are encoded in the vector sequence between the EcoRI and ClaI sites, and are thus included between the GR and GFP moieties. The entire chimeric cDNA was excised between flanking NotI/XhoI sites and subcloned in the mammalian expression vector pcDNAI (InVitrogen); the recombinant plasmid (nuGFP/pcDNAI) was used in the transfection experiments.
To construct the nuGFP(S65T) and mtGFP(S65T) chimeras, the 'bright' mutation (S65T) was included in the nuclear and mitochondrial wild-type GFP chimeras as follows. A portion of cDNA including the mutation was excised using NcoI (a single site is located within the GFP sequence, upstream of the S65T mutation) and an XhoI site located in the vector downstream of the insert. This NcoI/XhoI fragment was utilized for substituting the corresponding fragment of recombinant GFP within the nuGFP and mtGFP chimeras. The final constructs were cloned in pcDNAI and used in the transfection experiments.
To construct the mtGFP(Y66H,Y145F) chimera, the cDNA of the double mutant Y66H/Y145F (described in the accompanying paper by Heim and Tsien [13] ) was first amplified by the polymerase chain reaction (PCR) with the following primers: forward: 5' AAGCTTAATGAGTAAAG-GAGAAGAACTTTTC-3'; reverse: 5' GGAAGTCTGGACATTTTAATT-GTA 3'. Amplification was over 30 cycles (1 min at 95°C, 2 min at 55°C, 1 min at 72°C), using 2 ng template DNA. The forward primer specifies an additional HindIII site (underlined) located immediately upstream of the GFP coding sequence. The reverse primer corresponds to the antisense orientation of nucleotides 734-757 of the GFP cDNA [1] . The PCR product was inserted in the SmaI site of pBS + (Stratagene). The mitochondrial targeting information and the HA1 tag were introduced into the chimera by excising an EcoRI/NcoI fragment (encoding the mitochondrial presequence, the HA1 tag and the amino-terminal 56 amino acids of recombinant GFP) from mtGFP/pBS + , and substituting the corresponding fragment of GFP(Y66H/Y145F)/pBS + . The final chimera, mtGFP(Y66H/Y145F)/pBS + , which encodes the mitochondrial presequence, the HA1 tag and a mutated GFP sequence including both the Y66H and the Y145F substitutions, was excised using an EcoRI/XbaI digestion and cloned into the expression vector pcDNAI. The resulting plasmid, mtGFP(Y66H/Y145F)/pcDNAI, was used in the transfection experiments.
Cell culture and transfection
HeLa cells were grown in Dulbecco Modified Eagles' Medium (DMEM), supplemented with 10 % fetal calf serum (FCS), in 75 cm 2 Falcon flasks. For the transient expression of the various GFP chimeras, the cells were plated onto 24 mm diameter round coverslips, and transfection with 8 g per well of plasmid DNA was carried out as described [16] .
Detection of GFP
The coverslips with the cells were mounted on a chamber and bathed with 1 ml of KRB/Ca 2+ medium (125 mM NaCl, 5 mM KCl, 1 mM Na 3 PO 4 , 1 mM MgSO 4 , 5.5 mM glucose, 20 mM Hepes (pH 7.4 at 37°C), 1 mM CaCl 2 ). The chamber was placed on the stage of an Olympus IMT2 fluorescence microscope and illuminated with either UV (excitation cutoff <390 nm; emission cutoff >420 nm) or blue (standard fluorescein filters, excitation 488 nm, emission 520 nm) light, as indicated in the figure legends. In the former case, a neutral density filter was employed to reduce the intensity of incident light. GFP fluorescence was directly photographed with an Olympus OM4 camera mounted on the microscope. In some experiments, 10 M Trolox was added to the medium to reduce the bleaching rate of GFP(Y66H/Y145F).
